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(57) Abstract 

A bistable nematic liquid ciystal device cell 
is provided with a surface alignment treatment on 
one cell wall which is capable of sustaining two 
stable states in which the liquid crystal director is 
in the same azimuthal plane but at two different tilt 
angles out of the plane of the cell. This surface 
may be provided using a symmetric or asymmetric 
grating stnicture formed by photolithographic or 
embossing techniques in which die local orientation 
of the liquid crystal molecules at the surface is 
normal to the local direction of the surface. Correct 
choice of the grating period, depth, shape and 
anchoring properties leads to two stable director 
configurations: one with the director normal to 
the plane of the cell at the grating surface, and 
the other with the director at a prctilt usually in 
the range 0° to 60'' from the cell plane. This 
surface is combined with a monostable surface 
which leads to substantially planar homogeneous 
alignment formed e.g. by a rubbed polymer, 
or a grating surface. The preferred direction of 
the monostable surface may be arranged to be 
at any angle with respect to the grating grooves 
on iht opposite surface. In one embodiment, the 
monostable surface is aligned parallel to the grooves so that in one state the director twists through 90** from one surface to the other, 
whereas the other state has little or no twist The cell may be switched by dc pulses which couple to the flexoelectric coefficients of the 
material. The material has a negative dielectric anisotropy and may include a chiral dopant to impart a preferred twist direction. The cell 
walls may be fomied from rigid or flexible transparent material coated with electrode structures which form a matrix of pixels. Means for 
optical discrimination for the different states is provided by one or more polarisers, or a dye widi or without a polariser. and/at odier optic 
elements. 
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BISTABLE NEMATIC UQUID CRYSTAL DEVICE 

This invention relates to bistable nematic or chiral nematic liquid crystal devices, in 
5 particular display devices with a high information content. 

Liquid crystal devices typically comprise a thin layer of liquid crystal material contained 
between optically transparent cell walls. These walls are typically coated on the internal 
surface with transparent conducting layers to enable external electric fields to be applied. 

10 although devices which use in-plane electrodes may use metal strips to achieve this. Some 
liquid crystal devices also include areas of semiconductor alongside the electrodes 
designed to form non-linear elements such as thin film transistors (TFTs). The electrodes 
are often designed to form an x.y matrix of addressable elements or pixels, although other 
arrangements are possible, including segmented or r© displays. Although each pbcel may 

15 be driven by an individual electrode or electrodes, complex devices (i.e. those with a large 
number of pbceis) are usually electrically driven by arranging one substrate to have a series 
of row electrodes and the other a series of column electrodes so that each pixel is fomied 
at the overiap of the rows and columns. 

20 Other layers may be included on the inside of the device, including colour filters. 

planarisation and banier layers. The innermbst.surface of each pixel usually consists of an 
alignment layer which gives the required orientation of the liquid crystal director. This 
surface layer interacts with the molecules which comprise the liquid crystal, and the 
alignment direction is transmitted to the bulk of the sample through the elastic forces of the 

25 liquid crystal material. 

For nematic liquid crystals there are a number of possible surface configurations. Certain 
surfactants cause the director to lie essentially perpendicular to the surface in what is 
tenned "homeotropic" alignment. Alternatively, the director may be essentially parallel to 
30 the surface with "planar" alignment, or at some intermediate angle (often called the pretilt) 
with "tilted" alignment. Devices which use either the planar or tilted alignments usually also 
require that the degeneracy of alignment directions about the surface nomial is removed, 
and that there is a single orientation of the director. 
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Various methods have been suggested in the literature to achieve planar homogeneous 
and tilted homogeneous alignment. For example, oblique evaporation of inorganic layers 
such as Silicon Monoxide (SiOx) or Magnesium Fluoride (MgF) leads to either planar 
5 homogeneous or tilted homogeneous alignment, depending on the processing conditions. 
Evaporation of SiO at 60" to the surface normal leads to planar alignment in the direction 
perpendicular to the plane of evaporation, whereas an 85"* evaporation angle leads to a tilt 
(typically about ZS'' to 30'') in the plane of the evaporation. 

10 Planar or tilted alignment is usually achieved practically by coating the surface wiUi a 
suitable polymer, such as a polyimide, and buffing with a cloth to impart the desired r 
direction to the surface. This usually leads to a pre-tilt of between 0.1" and 8" from the 
surface plane, depending on polymer, rubbing conditions and other process concfoions 
including baking temperatures (alttiough tilts of between 0" and 90" are also possible witti 

15 certain polymers). Alternatively, planar homogenous alignment may be induced using a 
periodic grating structure in a planar surface. The lowest elastic energy of a nematic liquid 
crystal tiien occurs when the director is parallel to flie axis of the grating. Tilted 
homogenous alignment is also possible using a bi-grating surface in which one or both of 
the superimposed gratings are asymmetric or blazed. 

20 

Recentiy. a number of novel surfaces have been described in which there is more^an one 
stable direction of the nematic director. The first example of a bistable surface was 
described by Durand et al in Patent No. WO 91/1 1747 (1991) and Patent No. WO 
92/00546 (1991). In these devices careful control of tiie thickness and evaporation of SiO 

25 coatings were shown to lead to two stable surface orientations: the first is planar, and the 
second is at an azimuttnal angle (i.e. in the plane of the surface) of 90" to tiie first 
orientation but tilted out of Uie surface plane by approximately 30". A more practical 
approach to achieving such azimutiial bistable surface states is described in patent GB. 
2,286,467-A. This uses a blazed bi-grating surface in which the local director is planar to 

30 the surface and tiie two surface orientations are stabilised by precise control of ttie grating 
pitches, amplitudes and degrees of blaze. 
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A novel surface was described in British patent application number PCT/GB96/0463, 
wherein a mono-grating surface with a homeotropic local director orientation leads to two 
stable states with different tilt angles but within the same azithmuthal plane. This surface is 
used to form a Zenithal Bistable Device or ZBD. This surface may be achieved either by 
creating the grating in a layer which leads to a spontaneous homeotropic orientation of the 
liquid crystal material, or more practically, by over coating the grating surface with a 
suitable homeotropic inducing alignment agent 

The application of an electric field across a liquid crystal device may have any of a number 
of effects. Many devices rely on the inherent dielectric anisotropy (Ae) of the liquid crystal 
(Ae = ell - el. where || and J_ refer to directions parallel and perpendicular to the director). If 
Ae is positive tiien the electix^rstatic energy of the liquid crystal is minimum when the 
director is parallel to the applied field, whereas if Ae is negative the director tends to lie 
perpendicular to the applied field. These effects are related to the RMS. value of the field 
and as such are independent of the field polarity. Most materials are either positive or 
negative ttiroughout the frequency range of operation of the device, alttiough certain 
materials have been designed which exhibit "two-frequency" behaviour, where Ae is 
positive at low frequencies and negative at higher frequencies, within the electaical 
frequency range of operation. 

Recentiy, some devices have been described which use the flexo-electiic effect which 
occurs in many liquid crystals. This effect is caused by polar ordering of the liquid crystal 
molecules induced by certain elastic distortions of the liquid crystal director field. Such 
effects are related to the DC field and as such are dependent on the polarity of the applied 
elecbjc field. 

Example of monostable liquid crystal devices which use the preceding principles are the 
(super)twisted nematic (TN and STN) and electrically contit>lled birefringence (ECS) 
modes. 
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In the TN. both internal surfaces of the devices are treated to give tilted homogeneous (or 
planar) alignment^ but the directions on the opposing surfaces are twisted through an angle 
to each other. Once filled with a nematic material, the director in the bulk of the device 
5 twists from one surface to the other. When illuminated between polarisers. or, if the liquid 
crystal includes a constituent dichroic dye a single polariser. this stmcture has a given 
transmission. When composed of a positive Ab nematic material the application of an 
electric field causes the director to reorient parallel to the field thereby changing the optical 
characteristics of the device. In the TN device, the surfaces are oriented to give typically 

10 90** twist across the cell. The liquid crystal birefringence An and cell spacing are chosen so 
that polarisation of the incident light is rotated through SO'*, leading to transmission 
between crossed polarisers (normally white mode) or a dark state between parallel 
polarisere (nonnally daric mode). The applied field couples to Ab inducing tilt in the bulk of 
the cell and reducing the degree of optical rotation, thereby leading to a darker 

1 5 transmission in the usually white mode, or lighter transmission in normally dari^. 

The number of different elements that may be addressed in a multiplexed device is related 
to the steepness of the transmission versus voltage characteristic, as described by Alt and 
Pleshko in IEEE Trans. ED. Vol ED 21 p146 - 155 (1974). The steepness of this cuive may 
20 be improved by incorporating a non-linear element such as a TFT at each pixel, or to use 
the supertwist (STN) effect described in US 4.596, 446. Here a chiral additive is used to 
change the spontaneous twist of the liquid crystal and lead to twist between 90" and 270*. 
thereby steepening the transmission / vollaige characteristic. 

25 An aitemative RMS. addressed, monostable device is the ECB mode. Here a homeotropic 
surface is used opposite a tilted homogenous surface with a high pretilt from the plane of 
the surface. This device is used in conjunction with a negative As material so that the 
application of an electric field reduces the tilt in ttie bulk of the cell and alters the optical 
retardation, thereby leading to optical contrast. In each of these devices improvements to 

30 the optical properties (primarily conti^st, brightness and viewing angle) are possible using 
additional, passive retardation plates. For example, the STN device may be altered from 
Blue/White or Yellow/Black modes to a Black/White device using two uniaxial retardation 
films appropriately oriented witti respect to ttie liquid crystal cell between the polarisers. 
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An example of a bistable nematic liquid crystal which uses surface bistability is the zenithal 
bistable device of British patent application number WO97/14990, PCT/GB96/02463 
(GB9521 106.6); hereinafter +ZBD. One or both surfaces are treated to give two bistable 
states in the same azimuthal plane but with different zenithal angles (or tilts). In the 
preferred embodiment of that invention the zenithal bistable surface is used opposite a 
conventional homeotropic surface and switching occurs due to flexo-eiectric coupling with 
an applied field. 

The two states of such a device are shown in Figure 2a. In the first state the bulk of the cell 
is uniformly homeotropic anfl the director field distorts continuously dose to the grating 
surface. In the second state, defects occur close to the surface and the director is pretilted 
uniformly at some distance from the surface (shown by the dotted line in Figure 2b). The 
near surface distortion in both states leads to a fiexoelectric polarisation which selects 
either state according to the sign of DC electric field. The magnitude of the fiexoelectric 
polarisation close to the surface of either state is enhanced if the material has a positive Ac 
since the RMS. effect of the field is to extend the homeotropic alignment from the 
monostable surface further into the bulk of the cell. This results in lower voltage / faster 
response for the ZBD. However, the optical contrast is significantly diminished during the 
application of the data signal due to the RMS. effect stabilising the homeotropic orientation 
in both states. 

The term same azimuthal plane is explained as follows; let the walls of a cell lie in the x.y 
plane, which means the normal to the cell walls is the z axis. Two pretilt angles in the 
same azimuthal plane means two different molecular positions in the same x,z plane. 

The present invention improves the switching characteristics of the ZBD device to give 
better contrast ratios and reduced sensitivity to AC voltages resulting from multiplex 
addressing. 



wo 99/34251 



6 



PCT/GB98/03787 



According to the present invention a bistable nematic liquid crystal device comprises: 
two cell wails enclosing a layer of liquid crystal; 
electrode structures on both walls, 

a surface alignment treatment on the internal surfaces of both cell walls providing 
alignment to the liquid crystal molecules; 

means for distinguishing between the switched states of the liquid crystal material; 
CHARACTERISED BY 

a nematic or long pitch cholesteric liquid crystal material having a zero or negative dielectric 
anisotropy; 

a bistable surface alignment on one cell wall that permits liquid crystal molecules to adopt 
two different pretilts in substantially the same aztmuthal plane; 

a surface alignment on the other cell wail giving a single preferred alignment direction of 
the liquid crystal molecules, either planar homogeneous or tilted homogeneous alignment; 

the arrangement being such that two stable liquid crystal molecular configurations can exist 
after suitable electrical signals have been applied to the electrodes. 
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The bistable surface is preferably a grooved profile or grating which is made from a 
material, or is coated by a surfactant, which induces substantially perpendicular alignment 
of director locally at the surface, and which may lead to different tilts of the director in the 
bulk of the liquid crystal some distance from that surface along the direction normal to the 
cell. Typically, the grating has a pitch, amplitude and shape which leads to two different tilts 
in the bulk of the cell: one of which is substantially perpendicular to the cell plane, and the 
other tilted somewhat from the cell plane normal through an angle of, for example, between 
O'* and 60'. The grating is arranged so that the total energy of the two states is 
substantially the same. 

The local orientation of the liquid crystal may be made substantially homeotropic by 
manufacturing the grating directly into glass or suitable material, but more commonly \m\\ 
involve the coating of the material with a suitable layer. This layer is usually a homeotropic 
surfactants such as lecithin, silanes, chrome complexes, or long aliphatic side-chain 
polymers. The grating may be made from any of a number of known methods.. For 
example, it may be formed in a photo-polymer using a photo-lithographic process or other 
etching process, by embossing or by transfer from a carrier layer. The grating profile, for 
example the pitch, amplitude, shape (symmetric or asymmetric), or degree of asymmetry in 
the shape may vary across each pixel, or from pixel to pixel within the display, or between 
the pixels and the non-pixelated areas such as the inter-pixel gap. These variations may 
occur In one direction only, or may occur in both directions on the grating surface. 

Other surfaces may be used for the device providing they produce two or more stable 
states with different pretitts. 

The single alignment surface may be any monostable surface which is substantially planar 
homogeneous, or tilted homogeneous so that the surface induced pretilt is significantly less 
than the possible pretilts from the zenithal bistable surface, for example between O.r and 
20* from the cell plane. This is typically a polymer surface rubbed to induce a prefen-ed 
alignment direction of the liquid crystal director, but equally it could consist of other 
surfaces used to give planar or tilted homogeneous alignment including obliquely 
evaporated inorganic material, photo-polymer produced using polarised irradiation, 
monograting, or bi-grating arrangements. 
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The azimuthal alignment direction of the bistable surface and that of the single alignment 
surface may be arranged parallel antiparallel or 90^ to one another, or any desired angle 
between, e.g. 45"*. When a non zero twist angle is used, then the nematic material may 
include an amount of cholesteric material to impart a preferred twist direction. When such 
cholesteric material is added the twist in the material may exceed 90^. e.g. 180^ or 270^. 
For the case where the bistable surface has tilts greater than zero for both of the stable 
states, the single (planar) alignment has a lower pretilt than either state of the bistable 
surface. Where the bistable surface includes a zero tilt state, the opposite surface should 
be a tilted homogeneous surface (rather than planar homogeneous) with antiparallel 
alignment to avoid the formation of reverse tilt disclinations; there should be a uniform tilt 
direction. The same applies for a device having twist across the layer. 

The iliquid crystal material has a nematic or chiral nematic phase throughout the range of 
operating temperatures. It has a dielectric anisotropy between zero and *20, preferably As 
< -0.1 in the electrical frequency range of operation, typically between 1Hz and 1 MHz. 
Preferably the material exhibits the flexoelectric effect common in nematic and cholesteric 
liquid crystals, although other electrically polar switching mechanisms may be utilised such 
as chiral ions, or longitudinal fenx^electilcity. The material has a suitable value of 
birefringence An and/or has a pleochroic dye as a constituent component to enable the 
different stable states to be discriminated optically (by means of interference, absorption or 
scattering). - 

One or both of the cell walls may be formed from an optically transparent medium. This 
may be a thick non-flexible material such as glass, or one or both cell walls may be formed 
from a flexible material such a thin layer of glass or plastic, e.g. polyolefin or polypropylene. 
A plastic cell wall may be embossed on its inner surface to provide the surface alignment 
grating. The cell may also contain other layers including colour filters, internal polarisers, 
elecbical barrier layers, planarisation layers and other layers commonly used in those 
skilled in the art of liquid crystal device manufacturer. The cell walls may be spaced either 
by creation of additional structures, such as polymer walls or columns, or using glass / 
plastic spacers. The electrodes are optically transparent, and usually formed from indium 
tin oxide (ITO), but may include additional electrical elements such as non-linear elements 
(e.g. TFTs) or non-transparent metal lines to reduce track resistance effects. 
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The invention will now be described, by way of example only with reference to the 
accompanying drawings of which: 

Figure 1a is a plan view of a matrix multiplexed addressed liquid crystal display; 
Figure 1b is a cross section of the display of Rgure 1; 

Rgures 2a(i), (11), 2b(i), (ii) are representations of molecular alignments in the prior art 
WO97/14990 PCT/GB96/02463; 

Figures 3(i), (ii) are schematic representations of a cross-section of the two-dimensional 
director profile for a negative mode zenithal bistable device according to the present 
invention in which there are two stable states: the continuous state Figure 3(i) and the m 
defect state Figure 3(ii); 

Figure 4 is a schematic of the negative mode zenithal two dimension director profiles of 
Figure 3 in which the RMS. effect of an applied field which is coupling to the negative 
dielectric anisotropy of the constituent liquid crystal and concentrating the distortion of the 
director field closer to the bistable surface; 

Figure 5 are a series of one dimensional representations of the electrical switching of the 
present invention for a material in which Ae < 0, with zero twist across the layer 
(example 1); 

Figures 6 are similar to Figures 5, but for a layer with a go^'twist (example 2); 

Figure 7 is a resultant waveform used to test bistable switching of the invention; 

Figures 8, 9, and 10 are oscilloscope traces showing the optical response of the device of 
example 2 below under slightiy different conditions; 

Rgure 1 1 shows the optical transmission against voltage of tiie present invention and that 
of a prior art device for one (a defect state) of the two stable switched states; 
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Rgure 12 shows the optical transmission against voltage of the present invention and that 
of a prior art device for the other (a nondefect or continuous state) of the two stable 
switched states; 

Figure 13 shows the contrast ratio between the two sv^tched states as a function of RMS. 
voltage for the present invention and that of a prior art device; 

Rgure 14 shows switching threshold variation with RIMS, voltage for the present invention 
and that of a prior art device. 

Rgure ;l 5 is a graph of energy of two pretilt configurations as a function of groove depth to 
piteh ratio (h/W); 

The display in Figures la, b comprises a liquid crystal ceil 1 formed by a layer 2 of nematic 
or long pitch cholesteric liquid crystal material contained between glass wails 3, 4. A spacer 
ring 5 maintains the walls 1-1 O^m, typically 2-6|xm apart Addition^ly numerous beads of . 
the same dimensions may be dispersed within the liquid crystal to maintain an accurate 
wall spacing. Strip like row electrodes 6 e.g. of Sn02 or ITO (indium tin oxide) are formed 

on one wall 3 and similar column electrodes 7 are fonned on the other wall 4. With m-row 
and n-column electrodes this forms an mxn matrix of addressable elements or pixels. Each 
-plxfel is formed by the intersection of a row and column electrode. 

A row driver 8 supplies voltage to each row electrode 6. Similariy a column driver 9 
supplies voltages to each column electrode 7. Control of applied voltages is from a control 
logic 10 which receives power from a voltage source 1 1 and timing from a dock 12. 

Bther side of the cell 1 are polarisers 13, 14 arranged with their polarisation axis 
substantially crossed with respect to one another and at an angle of substantially 45^ to the 
alignment directions R, if any, on the adjacent wall 3, 4 as described later for the non 
twisted case of example 2. or parallel to one alignment direction for the twisted case of 
example 3. Additionally an optical compensation layer 19' of e.g. stretched polymer may be 
added adjacent to ttie liquid crystal layer 2 between cell wall and polariser. 
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A fully or partly reflecting mirror 15 may be arranged behind the cell 1 together with a light 
source 20. These allow the display to be seen in reflection and lit from behind in dull 
ambient lighting. For a transmission device, the mirror 15 may be omitted. 

Prior to assembly, the cell wall. 4 is treated with an alignment grating 16 to provide two 
bistable pretllts. The other wall 3 is treated with a planar treatment 17 i.e. zero or a few 
degrees of pretilt with an alignment direction. For the case where the bistable grating 16 
surface has tilts greater than zero for both of the stable states, the planar alignment 17 has 
a lower pretilt than either state of the bistable surface. Where the bistable surface includes 
a zero tilt state, the opposite surface should be a tilted homogeneous surface (rather than 
planar homogeneous) with antiparallel alignment to avoid the fonmatlon of reversettilt 
disdinations; there should be a uniform tilt direction. The same applies for a device having 
^^twist across the layer 2 as described below with example 2. For a three colour display, a 
filter layer 18 may be deposited having separate red, green, and blue filter areas in a black 
matrix 

Finally the cell Is filled with a negative dielectric anisotropy nematic material e.g. ZLI 4788, 
ZU.4415, orMLC.6608 (Merck). 

The zenithal bistable surface grating 16 may be febricated by the method described in 
^^,PCT/GB96/02463. For example spin coating a piece of clean, ITO coated glass with a 
photo-resist (Shipley 1805 at 3000rpm for 30s followed by a 90"C soft bake for 30 minutes 
- giving SSOnm thick coating). A chrome mask with 0.5Mm lines and O.Spm gaps was put 
Into contact with the substrate and obliquely (typically 60^ to the substrate/mask normal to 
give an asymmetric shaped grating or nonnal for a symmetric shaped grating) illuminated 
by a 0.8mW/cm2 Mercury lamp for a period of between 200 and 800 seconds. The mask is 
then removed and the symmetric or asymmetric surface modulation is made by developing 
in Shipley MF319 for 10s followed by a rinse in de-ionised water. The surfoce is then 
hardened by exposure to deep UV (254nm). foltovi/ed by baking at 160*C for 45 minutes. 
Finally the surface is treated with a solution of a homeotropic alignment inducing agent 
such as lecithin. 
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The molecular (more correctly the director) configuration of a free layer of nematic material 
on grating surfaces can be calculated: The results are shown in Hgures 2a, where the 
short lines represent liquid crystal director in the vicinity of the grating surface, with the 
envelope of the short lines at the bottom showing the grating profile. In this case the 
grating surface has been described by the function; 



where h is the groove depth, w is thei5itch and A is an asymmetry factor In Figures 2a(i) 
and 2b(ii). A=:0.5 and h/w=0.6. In Rgure 2a(i), the finite element grid has been allowed to 
relax from an initial director tilt of €0^. In this case the configuration has relaxed to a pretilt 
of 89.5^. However, if the initial director tilt is set to 30^ then the grid relaxes to a pretilt of 
23.0'' as shown in Rgure 2a(ii). Therefore the nematic liquid crystal can adopt two different 
configurations depending on starting conditions. 

In practice a nematic liquid crystal material will relax to whichever of these two 
configuration has the lowest overall distortion energy. Figure 15 shows the total energy 
(ari^itrary units) of the high pretilt (solid circles) and the low pretilt (empty circles) state 
against the groove depth to pitch fatio (h/w). For low h/w, the high pretilt state has the 
lowest energy and so the nematic will adopt a high pretilt state. Conversely for large h/w, 
the low pretilt state has the lowest energy and so this state is formed. However when 
hAAr=0.52, the states have the same energy and so either can exist without relaxing into the 
other. Therefore if a surface is fabricated at, or close to this condition, then bistability can 
be observed in the pretilt 




(2) 
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Patent application PCT/GB96/02463 describes how a grating manufactured according to 
the above process may lead to two stable alignments in which the director at some 
distance from the surface has one of two values of pretilt, depending on whether there are 
surface defects periodically close to the surface or not; a high pretilt (i) and a low pretilt (ii) 
as shown in Figure 2a where the lines indicate liquid crystal molecule (dirBctor) alignment 
dose to a grating surface. The high pretilt (i) may be termed a continuous or non-defect 
state and leads to a pretilt close to 90'', whereas the low pretilt (ii) may be termed a defect 
state and has a pretilt of typically between 0** and 75*. usually about 45** depending on the 
shape and anchoring properties of the surface and the elastic properties of the liquid 
crystal. 

In PCT/GB96/02463 a device is described where this zenithal bistable surface is used 
opposite a monostable homeotropic surface. The director profile for the bistable states of 
this prior art device is shown in Figure 2b where the lines indicate director alignment across 
the whole liquid crystal layer. There is a net birefringence in the defect state Figure 2b-(ii) 
which may be lead to transmission of normally inddent light when the cell is placed 
between crossed polarisers at angles other than 0*" or 90** to the plane of the director. In 
the non-defect state Figure 2b-(i), there is little or no net birefringence experienced by 
normally inddent light and so the device will appear darie Selection between the two 
states is made using electric pulse$;,of suitable duration, magnitude and polarity which 
couple to the dielectric and flexoelectric properties of the liquid crystal. Thus, a bistable 
display results in which the daric or light states are retained after the removal of the field, 
stabilised by the grating surface, and insensitive to disruption due to electrical, thermal or 
mechanical shock. This last advantage is particulariy useful for portable displays. 

Other prior art bistable liquid crystal devices indude those based on ferroelectric liquid 
crystals. These must be protected from shock because the ferroelectric liquid crystal 
requires a set thermal treatment to be aligned, and so it v^ll not realign correctfy after 
becoming miss-aligned due to external shock. 

The device of the present invention differs from the +ZBD of PCT/GB96/02463 leading to a 
number of advantages illustrated in the following examples. 
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PRIOR ART EXAMPLE with asymmetric grating shape. What will be temned a positive 
mode zenithal bistable nematic device (+ZBD) as described in PCT/GB96/0463 will be 
described in detail to allow comparison with the results from the device according to the 
5 present invention. 

A piece of 1.1 mm thick ITO coated glass was spin coated with the photo-resist Shipley 
1813 (diluted 3 parts to 1 with an appropriate thinner) at a speed of 2000rpm for 30 
seconds. This gave a film thickness of LOpm. The surface was then soft baked at SO^'C for 
10 30 minutes. A chrome mask was then fixed in close contact with the photo-resist surface. 
The mask consisted of O.Spm chrome lines separated by 0.5pm gaps. The sample was 
exposed for 530 seconds using an unfiltered mercury lamp (0.3mW/cm2), The exposure 
'^k was carried out an angle of 60"* to the surface normal in the plane perpendicular to that of 

the intended grating grooves; such angle results in an asymmetric grating shape. Spin 
15 development was then done at 800 rpm for 10 seconds using Shipley MF 319. followed by 
a rinse in de-ionised water. This led to the formation of the grating surface. The photo- 
resist was then hardened by exposure to deep UV (254nm) followed by a 2 hour bake at 
180''C. Finally, the suri'ace was rendered homeotropic by treating with a chrome complex 
surfactant 

20 

The opposite surface in the positive mode ZBD ceil was made by preparing a thinner layer 
(0.2pm) of Shipley 1 805 In a similar manner to the grating surface but without the grating 
ensure. A ceil was formed from one grating surface and one flat surface using an edge 
seal glue containing 2.5Mm glass bead spacers. The ceil was filled with the commercial 

25 nematic liquid crystal E7 (available from E. Merck, Germany) which has a positive dielectric 
anisotropy throughout the possible frequency and temperature operating ranges. Switching 
was facilitated by prior addition of 1% by weight of the material N65 (Noriand) as described 
in patent application GB97/21215.3. For example a N65/E7 mixture was cured for 10 
minutes by exposure to unfiltered mercury lamp with an optical output of 2.0mW/cm^ in a 

30 fused silica cell prior to filling in the cell. N65 is a UV curing adhesive manufactured by 
Norland Products inc., North Bmnswick NJ, USA; other similar materials are N63. N60, 
N123. The materials contain a mixture of esters and acrylate monomers which polymerise 
under UV radiation. Such a cell gives a weak surface anchoring. Filling was done by 
capillary action in the isotropic phase followed by slow cooling into the nematic phase. 
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In devices having a large number of addressable elements or pixels arranged in an x.y 
matrix it is cx)mmon to address them by a multiplexing technique. For bistable devices this 
involves applying a strobe pulse wavefonn to each row in turn whilst one of two data pulse 
waveforms (of same shape but inverted polarity) are applied to all column electrodes. 
Each addressed pixel responds to the resultant of the strobe and data. For test purposes 
on a single cell, a resultant waveform can be applied to simulate addressing in a large 
display. 

The waveform shown in Figure 7 is such a resultant, and was used to test devices of the 
prior art and those of the present invention. In this resultant waveform the large pulses 
originate from the strobe and the smaller pulse originate from the data wavefonms. Each 
pixel will receive an occasional large pulse plus many of the smaller pulses. These smaller 
pulses apply a cpptinual low value RMS. signal, useful in ferroelectric devices (where they 
provide AC stabilisation), but can be unwelcome in bistable nematic devices. 

Electrical contact was then made to the ITO electrodes of each substrate and the signal 
shown in Rgure 7 applied. This signal was composed of rectilinear pulses of typical 
duration 0.1 to 10ms and magnitude in the range 10 to 20V. Between 50 to 1 and 500 to 1 
duty ratios were used, and an AC waveform of frequency 1kHz to 100kHz and magnitude 
Vrms (OV to 10V) superimposed. The pulse train applied used either aftemating pulses of 
opposite polarijly as shown in Figure 7. or two pulses of the same magnitude, duration and 
polarity, followed by two different pulses of opposite polarity as given in WO97/14990. 
Other electrical signals, such as the multiplexing signal used in WO97/14990 could also be 
used. 

The cell was illuminated by a tungsten white light source and viewed between crossed 
polarisers oriented with the polarisation axes at ±45'' to the groove direction on the bistable 
surface. The optical response was detected using a photo-diode combined with an eye 
response filter. Bistable latching was found in the nematic phase as described in 
9521106.6 and are similar to those of Rgures 8, 9, and 10 for the present invention. 
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Two embodiments of the present invention will now be described in detail. 
EXAMPLE 1, asymmetric grating and non-twisted nematic structure. 

5 

A 4|jm spaced device was constructed using the teaching given above in which the 
monostable surface 17 had a mbbed polyimide surface (PI32) in which the rubbing 
direction was perpendicular to the mono-grating grooves 16 on the bistable surface. The 
material was a negative dielectric antsotropy material ZLI.4788. This device had two stable 

10 2-dimension director profiles illustrated in Rgures 3(i). (ii) (when the effect of RMS. 

coupling is ignored for example by the assumption ofH^^O in both cases). This shows 
that the degree of director distortion is greater for both states in this device than for the 
conventional.device shown in Rgure 2; this is particulariy tnje of the non-defect state. 
Hence, given all other conditions are equal (pretilt of the defect state, flexoeiectric and 

15 visco-elastic properties of the material, ceil spadng etc.) the switching of this device occurs 
at lower voltages and/or shorter pulse durations. For example, if the bistable state has 
pretilts stable at 60' and SO"" from the cell plane, and the mono-stable surface has O"" pretilt, 
then the device of Rgures 3(i), (Ii) has a total of 60"" and 90"* pretilt change. This is much 
higher than the angular changes for the two states of the device of WO97/14gg0 shown in 

20 Rgures 2a(0, (ii) which are 0"* and 30^ 

As noted above, in a typical display an amount of RMS. voltage will occur at each pixel and 
has a significant effect on the director alignments in the two switched states. This is shown 
in Rgures 4(i), (ii) for a device in which As is negative (typically equal or between -10 and - 
25 0.5). Here the RMS. effect of the applied voltage acts to compress the elastic distortion 
towards the bistable surface. This serves to increase the magnitude of the flexoeiectric 
polarisation which can couple to the DC component of the applied field and cause 
switching between the bistable states. 
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Although this device (example 1) has the potential for faster switching and / or lower 
voltage operation over that of the conventional ZBD, it also suffers from the same major 
disadvantage: in a multiplexed device each pixel has an RMS. voltage due to the data 
wavefonm on the adjacent columns which is experienced at a pixel before and after the 
switching time when latching is achieved. This causes the optical difference (Aneff.d) to be 
closer In the two states, and hence lowers the contrast 

The example 1 director alignment in the two switched states, with and without RMS. 
voltages are shown in Figure 5. This is a series of one-dimensional representations of the 
electrical switching of the present invention for a material in which As < 6? From left to right 
are shown the zero-field defect state, the RMS. effect of the applied field on the defect 
state, the effect of RMS. voltage on the non-defect state, and the zero-field non-defect 
state. The ant)w represents the DC selection between the two bistable states; 

One method employed to improve the contrast is to reduce the magnitude of Ae (i.e. use 
Ae » 0) but this dramatically increases the voltage time product required to switch between 
the two states since it removes the RMS. effect on concentrating the director distortion 
dose to the bistable surface. This problem is removed in the following example 2of the 
present invention. 

EXAMPLE 2. symmetric grating and twisted nematic structure. 

As with the prior art example 1 given above, the grating surface 16 was manufactured by 
coating ITO glass with Shipley 1813. In this case, however, a different concentration was 
used so that a spinning speed of 3000 rpm for 30 seconds led to a 1.2|jm thickness of 
photo-resist. After SO^'C soft baking for 30 minutes, the same chrome mask as used in the 
previous example was placed in close contact with the resist but this time the exposure 
was carried out at normal incidence and for 180 seconds; such normal incidence results in 
a symmetric shaped grating. The grating surface was then developed, rinsed, hardened 
and coated in chrome complex using the same conditions as for the counter example. 



wo 99/34251 



18 



PCT/GB98/03787 



A 2.8^m spaced cell was then constructed using this zenithal bistable grating surface 
opposite a rubbed polyimide (PI32 Giba -Geigy) surface. Contrary to example 1. the 
alignment direction of the monostable polyimide surface was arranged to lie parallel to the 
grooves of the monograting surface. The cell was filled by capillary action with the nematic 
liquid crystal ZU 4788 (available from E. Merck) into which 2% Norland N65 had previously 
been added and irradiated with UV to reduce surface anchoring energy as described in 
GB97/21215.3 as above. ZLI 4788 is a nematic material with a room temperature As of 
about -5.7 and a An of 0. 1 647. 

The two states of this device are described as follows. In the continuous or non-defect 
state the director dose to the zenithal bistable surface is homeotropic, with a pre-tilt of 90*. 
Away from this surface the pretilt reduces towards that of the polyimide surface (a pretilt of 
about 2""). The lowest energy state consists of splay/bend deformation only and there is no 
twist of the director. In the defect state, the director dose to the zenithal bistable surface is 
forced to lie at a pretilt of close to 0'' in a plane with the direction perpendicular to the 
mono-grating grooves. Thus, in the bulk of the ceil the component of the director in the 
plane of the cell twists through an angle of 90* to lie parallel to the rubbing direction at the 
monostable surface. This state has energies assodated with the defects, the splay / bend 
deformation and the twist deformation. Optimisation of the grating structure coupled with 
suitable choice of material means that the two possible director profiles have similar 
energies and the cell is bistable. Tuning of the twist elastic energy, and hence total energy 
of the twisted state, may also be done using a chiral nematic of suitable pitch and chiral 
handedness. 

The switching mechanism for this cell is shovm schematically in Figures 6a, b. It is very 
similar to that of example 1 except now there is an additional process assodated with the 
relaxation of the twist when switching between the states. Consider the case of switching 
from the defect D (i) to non -defect states (iv), (v) shown in Rgure 6a). The RMS. effect of 
the applied field (ii) again acts to concentrate the splay / bend deformation of the director 
dose to the bistable surface. The twist is largely unaffected by this (except for a relatively 
small effect assodated with the elastic anisotropy of typical liquid crystal materials) and 
remains approximately uniform across the cell. Application of a DC field pulse of the correct 
polarity couples to the flexoelectric polarisation near the bistable surface and induces Oii) 
ttie non-defect homeotropic orientation. 
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Some time later (the duration of which depends on the total twist angle and the viscoelastic 
coefficients of the material) the remnant twist in the cell will unwind (iv) since the lowest 
energy configuration of the non-defect state is untwisted. Once latched at the surface, this 
5 process will occur regardless of whether or not the applied field is continued to be applied 
(v). In the reverse process state Figure 6b, (0 is the same as 6a{v) and application of RMS 
moves the director to (ii). Application of the appropriate DC pulse causes the flexoelectric 
switching at the bistable surface and directly induces the twist (iii). which after removal of 
the DC pulse becomes uniform (iv) then (v) throughout the cell through a similar elastic 
10 process to the one described above. 

The cell was mounted between crossed polarisers and illuminated by a white light source. 
The polariser closest to the illumination was arranged to be perpendicular to the groove 
direction of the first (bistable) surface, such that the incident polarisation is along the in- 
15 plane component of the optical axis of the liquid crystal when in the defect state. The 
analyser (the polariser closest to the detector) was aligned crossed to this and parallel to 
the rubbing direction of the polymer surface. This is similar to the normally white mode of a 
twisted nematic liquid crystal device. 

20 The electrical signal of Figure 7 was then applied and the optical response of the twisted 
negative mode zenithal bistable device is shown in l^gures 8 to 10, where the lower trace 
shows optical transmission against time and the upper trace an applied RMS signal. 
Pulses of 10ms at +28V and -10.5V cause latching between the defect and continuous 
states, respectively. A duty cyde of 200 : 1 was used during which a 3Vrms 1kHz square 

25 wave was applied. Latching between the defect (transmissive) and continuous (daric) 
states was achieved, and either state retained v^en pulses were no longer supplied, as 
indicated in Rgures 8 and 9. Moreover, removal of the applied AC waveform caused a 
slight drop in the transmission of the transmissive state due to the change in tilt across the 
cell, as shown in Rgure 10. 
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This device has two great advantages over that of example 1. Rrstly, the optical contrast 
and wavelength range that is possible in the twisted state is vastly improved, being very 
similar to that of the conventional twisted nematic TN mode. Tuning of the device optical 
5 properties to operate in the first or second Gooch / Tarry minimum will lead to high 

brightness, high contrast ratio between Black and White States. This may be approximated 
by: 



10 



T = {1 - Sin2p/(1+a2)} 

where p - 90''V(1-i'a^ and a - 2Aneff.d / X where the effective birefringence Aneff is scaled 
to account for the average tilt ^ across the cell: 



15 



20 



Aneff 



^^nl cos* ^+»^ sin^ ^ 



-I 



By ensuring that the twisted state operates dose to the minima where p = p 180** (p = 1, 2, 
3, 4 ....) it is possible to get black and virfiite states by using a 90** twist without the use of 
additional retardation plates. Optimising the light state transmission (hence brightness and 
contrast ratio) may be done for either with or without an applied AC field by fine tunirtg the 
optical retardation (i.e. Aneff d) of the device. In example 2 the results suggest that the 
material is closer to a Gooch / Tarry minimum v\/ith the AC waveform applied. The second 
major advantage is that good optical contrast and brightness are retained even when there 
is a significant RMS. voltage across the cell, such as during multiplexing. 



25 These advantages are apparent in the comparison of the switching results for the twisted 
negative mode device of example 2 with those of the conventional positive mode device 
given in the counter example. Results for the defect state transmission versus the applied 
RMS. voltage are given in Figure 11, whereas Figure 12 shows the transmission of the 
continuous state. In both cases the results are compared to those of the positive mode 

30 ZBD described in the counter example, where the transmission levels are normalised with 
respect to the maximum transmission achieved in each device. 
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The contrast ratios (defect state transmission / continuous state transmission) are plotted in 
Figure 13. These results clearly show that the conventional positive mode ZBD suffers 
enonnously from a reduced contrast with applied AC field, whereas the application of an 
5 RMS. voltage to the twisted negative mode leads to an Increased contrast ratio (primarily 
due to the increased transmission of the defect state). 

A simple estimate of the range of RMS. voltages which lead to discrimination between the 
two states when using multiplexed addressing is possible by measuring the switching 

10 thresholds for the two transitions as a function of applied RMS. voltage. The results for the 
twisted negative mode device are shovy^n in Figure 14. These indicate that both states may 
be electrically distinguished for AC fields in the range 2 to 3.5 volts RMS. The contrast ratio 
of the positive and twisted negative ZBD devices for a typical multiplexing data voltage of 
SVmfis was 4:1 and 160 : 1 respectively. With the RMS. voltage removed the respective 

15 contrast ratios were 8:1 and 95:1. These values are indicative of the large optical 
advantage gained by using the twisted negative ZBD of example 2 of the present 
invention. These advantages were combined with much improved white state and viewing 
angle for the twisted negative ZBD. The improved off-axis viewing characteristics are 
because the optical properties of the two states of example 2 are very similar to those of 

20 the Voltage Controlled Twist (VCT) WOg7/3g382, GB/96,078548 and In-plane switching 
(IPS) modes, improvements to j|ie7|^iewing angle may be made using conventional 
methods such as the use of additional retardation plates, or sub-pixelation. 
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CUVIMS 

1. A liquid crystal device (1) comprising two cell walls (3, 4) enclosing a layer (2) of 
nematic or chiral nematic liquid crystal material; 

5 

electrode structures (6. 7) on both walls; 

a surface alignment (16. 17) on the facing surfaces of both cell walls providing alignment of 
the liquid crystal molecules; 

10 

'4 means (13. 14) for distinguishing between the switched states of the liquid crystal material; 
CHARACTERISED BY 

a liquid crystal material (2) having a zero or negative dielectric anisotropy; 

15 

a first surface alignment (16) on one ceil wall (4) that permits the liquid crystal molecules to 
adopt two different pretiK angles In the bulk of the material (2) adjacent the surface in 
substantially the same azimuthal plane; 

20 a second surface alignment (17) on the opposite cell wall (3) that leads to a single pre-tilt in 
which the value of that pretilt is substantially less than the norrnal Incidence to that surface; 

the arrangement being such that two stable liquid crystal molecular configurations can exist, 
after suitable electrical signals have been applied (8, 9, 10, 11, 12) to the electrodes (6. 7). 

25 
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2. The device of claim 1 wherein the first surface alignment (16) comprises a periodic 
grating stmcture. whose the depth, pitch, shape and anchoring properties are arranged to 
give the liquid crystal material two different pretitts some small distance from that surface; 

3. The device of daim 2 wherein the grating depth (d) and pitch (w) are dimensioned to 
give substantially the same distortion energy to liquid crystal molecules in the two different 
pretilt angles. 

4. The device of daim 2 wherein the grating dimensions of depth (d) and pitch (w) are 
an^nged to cooperate with(<any molecular twist in the layer to give substantially the same 
distortion energy to liquid crystal molecules in the two different pretilt angles. 

5. The device of daim 1 wherein the first surface alignment (16) comprises a grating 
formed of a material which induces a homeotropic orientation of the liquid crystal molecules 
with respect to the local surface direction. 

6. The device of daim 1 wherein the first surface alignment (16) comprises a grating 
formed of a material which induces a homogenous or tow pretilt orientation of the liquid 
crystal molecules with respect to tiie local surface direction. 

7. The device of daim 1 wherein the first surface alignment (16) is a grating stmdure 
having a symmetric profile with a uniform or varying shape across each pixel, or from pbcel 
to pixel within the display, or between the pixels or in gaps between pixels. 

8. The device of daim 1 wherein the first surface alignment (16) is a grating structure 
having an asymmetric profile with a uniform or varying asymmetry across each pixel, or 
from pixel to pixel within the display, or between the pixels or in gaps between pixels. 

9. The device of claim 1 wherein the first surface alignment grating (16) is treated to 
induce homeotropic orientation of the liquid crystal molecules with respect to the local 
surface direction. 
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10. The device of claim 1 wherein the value and direction of pretiit on the second surface 
(3) co-operates with the pretiit values and direction on the first surface (4) to give a uniform 
molecular tilt direction in the bulk of the liquid crystal material (2). 

5 

11. The device of daim 1 wherein the second surface alignment (17) produces a single 
value of pretiit which is less than 45'': 

12. The device of daim 1 wherein the second surface alignment (17) is a rubbed polymer 
10 surface. 

13. The device of daim 1 wherein the second surface alignment (17) is fomied by a 
polarised organic material layer 

15 14. The device of daim 1 wherein the second surface alignment (17) is formed by a layer 
of an organic material evaporated on the cell wall (3). 

15. The device of daim 1 wherein the second surfoce alignment (17) is formed by a mono 
or bigrating layer. 

20 

16. The device of daim 1 wherein the azimuthal alignment direction of the first surface (4) 
and that of the second surface (3) is substantially parallel. 

17. The device of daim 1 wherein the azimuthal alignment direction of the first surface (4) 
25 and that of the second surface (3) are non parallel. 

18. The device of daim 1 wherein the azimuthal alignment direction of Vt\e first surface (4) 
and that of the second surface (3) is a multiple of SO"". 
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19. The device of daim 1 and further including a surfactant on at least one cell wall (3, 4) 
surface to modify anchoring energy. 

5 20. The device of daim 17 v\/herein the additional surfactant used to alter the surface 
properties is mixed vAfh the liquid crystal material. 

21. The device of daim 1 wherein the liquid crystal material (2) has a flexoelectric 
polarisation in its switched states. 

10 

22. The device of daim 1 and further induding means (8, 9, 10, 11, 12) for applying 
unidirectional voltage pulses whereby the two different stable states are selected by a 
coupling between the applied electric field and the flexoelectric polarisation present in a 
bent or splayed liquid crystal material. 

15 

23. The device of daim 1 and further induding means for applying electric signals at two 
different frequendes and wherein the nematic material is a two-frequency addressable 
liquid crystal material. 

20 24. The device of daim 1 wherein the liquid crystal material (2) indudes an amount of 
dichroicdye. 

25. The device of daim 1 wherein the means for optically distinguishing between the 
switched states indudes at least one polariser (13, 14). 

25 

26. The device of daim 1 and furttier comprising additional biref ringent layers for altering 
the optical properties of the device in its switched states. 
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